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???????????????????????. ????? Shannon ???
????????????????????????. 1895 ? Marconi ????







?????????????????. ?? Shannon ???????????, ?
???????????????????????, ?????, ????????
??????. ????????????????????, Kolmogorov ????
?????????????????????????, Sinai, Rohlin, Pinsker ?
?????????????????????????????????????
????????????????????????????????. ????
? Shannon ????????????????????????, ???????
??????.
1.2 Wiener
Wiener ??? 3 ???????, ????????????, Shannon ????
??, von Neumann ? Kolmogorov ????????????????, ????







????????. 19 ???????? Fourier ???????, Wiener ???
?????????? 20 ????????????????????. ?? 1902
??????? Lebesgue ?????????????????????????.
1914 ? Hausdor ?????????????????????????????
?. 1932 ??????????, von Neumann ????????????????
?. ??? 1930 ??? Wiener ??? G.D.Birko, von Neumann, Hoph ????
?????, ?? Kolomogorov ??????????, ????????????
??????????????????????????Wiener ???????
????????. Wiener ??????????????????????, ??









? language ??????????????, ?????????????????
?????????????????. ?????, ???????, ??????
???????????????????, ???????????????, ??,
???, ??, ???????????????????????. ???????
?????????????????????????????????????
???. 4 ??????????????????? 1940 ???????????
???????, ?????, ?????, ???????????????, ???
????????????, ??????????????????. ??????
??? 1953 ? Watson, Crick ??? DNA ?????????????????
??????. ?????????? RNA ?????????????????









von Neumann ??????????????Wiener ????????????
?, ????????????????????Wiener ????????????
??????????. ????????????????Wiener???????
20 ?????????????????????????. ??????, ???
??, ???????????. ???????????????????????
?????. ?????????????????????, ??? Shannon ??
??????????????????????. ??????????????
??????????????????, ??? Shannon ???????????
??????????????. ???????????? Shannon ??????

















??????? Shannon, Wiener, von Neumann ??????????????
??, ??????????? Kolmogorov ?????????????. ???
??????????????, ??????????????????????










2 p ??, 2??, 2??
???????????? 0; 1; 2; 3; 4; 5; 6; 7; 8; 9 ?? 10 ??????????
??????, ??????????, ????????????????????
???????. ?????? 10 ?????. ??????????? 10 ???
????, ???????????????????????????????. ?
?? 10 ?????????????.
????????? (4 ??); ???????????? (60 ??); ?????
??? 10 ?? (???????????????); ???????????? 2 ?
?; ????????????????????.
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??????????????????????, ????? p ???????
???????????. ????, ??? p  2 ????, ????? x(> 0) ?
x = np
n + n 1pn 1 +   + 1p+ 0 +  1p 1 +   +  np n +    (1)
(j = 0; 1;    ; p  1)
???????????. ?? p ??????????????????????,
????????. ??, ????? p = 2; 4; 10; 12; 60 ????????????
???????.
2.1 10 ???? 2 ??







n + n 12n 1 +   + 12 + 0 (2)
(k = 0 or 1;n 2 N):
????, ???, m ? 2 ?????
m = nn 1   210
???. ????? k ? 0 ????????????? 0 ???. ???, n =
n 1 = 0; 1 = 0 = 0 ?? m = 00n 3n 4   3200 ???. ?????, ??
???? 9 ? 14 ???? (2) ??????,
9 = 23 + 1
= 1  23 + 0  22 + 0  21 + 1  20
= 1001;
14 = 23 + 22 + 2 + 0
= 1  23 + 1  22 + 1  2 + 0  20
= 1110;
???, 2 ???????????. ??????? (2) ?????? 10 ????
???? m = 0; 1; 2; 3;    ; 50; 60; 100 ? 2 ???????. ??????????
?? 2 ?? (binary number) ???.
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2.2 2 ???????
























???????, ?????? 2 ??????????????????????
?????. ??????????????. ???? 0 + 00 = 0 ? 1 ????,
?????????? 0 ? 1 ???????, 0+00 = 2 ????, ? 2 ?? 1 ?
????????. ???, 0 + 00 = 0 ? 1 ????? 2 ????????, = 2
????, 1 ?????????? 2 ???? 1  01 ? 1 + 01 + 1 ???. ??
??? 2 ??????? 2 ???? = 0 ? 2 ? 1 ????? 3 ????????,
3 ??????? 2 ???? = 1 ? 3   1 = 2 ? 1 ????? 3 ???????




(k   0k)2k (??? m  m0)
???? k????? k 0k =  1???????????,????? k+0k = 2
???????????????????. ?????????????????,
???????????????. m =Pk2k ? k ????? k = 1?????
? k   1 ????????? 2 ??? 1 ???? 1 ??????????? k   2
??? 2 ??????. ??????????????????,
100 = 010 + 010
= 010 + 001 + 001
11 = 011
= 010 + 001
??
100  11 = 001 = 1
????? 10 ????????????? 100 ?? 2; 3 ?, ??? 00 ?????
??? 1; 2 ????????????????????.
?? ?????? 10 ?????????????. ?????;
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100 11 = 1100; 11100 110 = 10101000
10 ???? 4 3 = 12; 28 6 = 168. ?????;
11110 11 = 1010; 1011011 1101 = 111
10 ???? 30 3 = 10; 91 13 = 7.
2.3 2 ?????? 10 ????
????? 10 ???? 2 ?????????, ????????, ?????
?????. ??? 10 ???? 2 ?????? (2) ???. 2 ????????








= 0  210 + 1  29 + 1  28 + 0  27 + 1  26 + 1  25
+0  24 + 1  23 + 1  22 + 1  21 + 0  20
= 29 + 28 + 26 + 25 + 23 + 22 + 21
= 512 + 256 + 64 + 32 + 8 + 4 + 2
= 878
???? 2 ???????, ??????, 10 ??????????.
2.4 ??????
???????????????.
?? = f ?,?,?,?,?,?,?,?,?,? g,
??????????????.
? = ??, ???; ? = ??, ???; ? = ??, ???;
? = ??, ???; ? = ?, ????; ? = ?, ????;
? = ??, ???; ? = ??, ???; ? = ??, ????;
? = ?, ????
???????, ?????? 2 ?????????????????, ????
????????????.
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??? = f ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ? g,
??????????????.
? = ?, ?; ? = ??, ???; ? = ??, ??; ? = ?, ??;
? = ??, ??; ? = ?, ?; ? = ??, ?; ? = ???, ?;
? = ??, ??; ? = ??, ??; ? = ??, ???; ? = ?, ??
?????, ?????????. ?????????????????, ????
????????. ???????????????????????. ????,
??AC ???. ?????? (AC) ?????????????????????
????. ??????????????, ?????????????????.
???
AC1993 = ?? (??????),
AC1 = AC1993 ? 1992 ?? = ?? (?????), AC4 = ?? (????),
AC618 = ?? (??????), AC645 = ?? (????),
AC1603 = ?? (?????), AC1868 = ?? (??????),
AC1997 = ?? (?????), AC1998 = ?? (??????),
AC2000 = ?? (?????), AC2001 = ?? (????),
AC2008 = ?? (?????), AC2009 = ?? (??????),
AC2010 = ?? (?????), AC2011 = ?? (????)
????? = 60 ????????, ???? 60 ??????????, ????
?????????. ??? 70 ????, 77 ????, 80 ????, 88 ????,





????. ?????????????????. ????, ???, ????, ??
??,    ?????????????????????????????. ???
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??????????data ?????????????????????????
??????????. data ???????????????, ????????
??????????. data ????????????, ??????, ?? data
??????????????????. ???, ???????????????
???.
?????????? data ?????????????????????, ??
?????? A ????????????. ?????????????????
?, ???????????????????????????????. ???
??????? A = fa1; a2; : : : ; ang ???????????????????, ?
??? A ????????????????????????. ????????
A ?????????? pk ??????????. ?? pk ??? ak ?????
???????(= ??) ??????. data ?????????????????
A ??????????????, ???? fpkg ????
nX
k=1
pk = 1; 0  pk  1; k = 1; 2; : : : ; n
?????? (?? fpkg ????????). ???? data ??????????




a1    an
p1    pn
!
????????. ?  ????, ? pk ? ak ????????????????

































, ?? a; b; c ??????????????.
?????????????, ???????????????, ????????
????????????. ????????????????????????
??????????????. ????  ??????, ?????????.
????? () ???????
???????????????????????, ???  ?????????







???????  ??????? S() ? Shannon ????, ????????
?????. ???? S() ?  ? Shannon ??????, ??????????
????????, ??, ?? ( ?)??????????????. Shannon ??
????????? (?????????)???????, ??????????
?????. ????????.
?  ????????  ???????? ak ????????, ??????
????? pk ????????. ???????? (1) ?(6) ?????????
?????. ????, ???? ; 0 ?
 =
 
a1    an








1    a0n
p
0
1    p0n
!
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???? S() = S(0) ???. ?????  ??????? S() ? p =
(p1;    ; pn) ?????, ????p ???????? S()??????????,
?????????????????????. ???????????????.
n-?? Euclid ??Rn ?????????:
n = fp = (p1;    ; pn) 2 Rn;
nX
k=1





???. n ? n ???????. ????, ?????? S(p) ? n ?????
?, ??? R+ = [0;1) ?????????????????. ????????
?????????????????????????????.
(1) ?  ???? S() = 0 ?????  ???????????. ??????
?????????, ???? 1 ??????.
(2) ???? p ? n ????????? S() ???????. ???? 1 ?
? 2 ??????????.
(3) ? 4 ???? p ?????????, S() ? n ????? > 0. ????
???  
a1    a6
1=6    1=6
!
? S() ??? 6 ????? S(1=6;    ; 1=6) ???.
(4) p 2 n ???? q = (p; 0) 2 n+1 ???? S(p) = S(q), ?????????
??????.
(5) ?  ??????????????????????.




???????????????????????, ??????  ??????
??????????????? [S] ????????????????????.









[SK1 ] S() ?? n ?????????
maxfS(p); p 2 ng = S(1=n;    ; 1=n) > 0;
[SK2 ] S(p1;    ; pn; 0) = S(p1;    ; pn),
[SK3 ] pk =
mkX
j=2
qkj > 0 (mk  2; k = 1;    ; n) ?????,
S(q11;    ; q1m1 ;    ; qn1;    ; qnmn)
= S(p1;    ; pn) +
nX
k=1
pkS(qk1=pk;    ; qkmk=pk):
[F ](Faddeev ????)
[F1 ] ?? f(p) = S(p; 1   p) ? 0  p  1 ????????????? p0
? f(p0) > 0,
[F2 ] (p1;    ; pn) 2 n ?????? (p01;    ; p0n) ????
; S(p1;    ; pn) = S(p01;    ; p
0
n);
[F3 ] pn = q + r; q > 0; r > 0 ???
S(p1;    ; pn 1; q; r) = S(p1;    ; pn) + pnS(q=pn;    ; r=pn):
[SK] ? Shannon ??????, Khinchin ???????????, ??????
?????, ??? Faddeev ????????? [F] ?????. ???????
??, ?? (1) ?(6) ??????????????????. ????????,
[SK1] () (2) + (3), [SK2] () (4), [F1] () (2) + (3), [F2] () (5), [F3] ()
?(6) ?????? an ????????????. ??????????????
????????????????????????. ????????????
??.





pk log pk () [SK]() [F ]
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3.4 ?????
[S] =) [SK] =) [F] =) [S] ?????.
???? [S] =) [SK]: [SK2] ???, [SK3] ??????????????????
??. [SK1] ????. ???????. h(t) =  t log t(t  0) ????, h(t)
?????????,













= n  h( 1
n





= log n = S(1=n;    ; 1=n):
???? [SK] =) [F] ????. [SK1] =) [F1] ???. [SK1,2,3] =) [F2]: pk ?
???????????, ? pk = lk=m(lk;m ???? 1  lk  m) ????.
??? [SK3] ????
S(p1;    ; pn)
= S(l1=m;    ; ln=m)
= S(1=m;    ; 1=m;    ; 1=m;    ; 1=m) +
nX
k=1
pkS(1=lk;    ; 1=lk):
???????????????? 1=m?????????????? (l1;    ; ln)
????, ??????? P ?????, ???????????????
?? (p1;    ; pn) ??? (p01;    ; p0n) ???? p0k = l0k=m ????

















1;    ; p
0
n):
pk ??????????, p = (p1;    ; pn) 2 n????????? fpjg1j=1 
n ???, S() ???? ([SK1]) ??? [F2] ???. [SK1,2,3] =) [F3]:
[SK2,3] ? [F2] ??
S(1=2; 1=2) = S(1=2; 1=2; 0; 0) = S(1=2; 0; 1=2; 0)
= S(1=2; 1=2) + (1=2)S(1; 0) + (1=2)S(1; 0):
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?? S(1; 0). ??????? [F3] ???.
S(p1;    ; pn 1; q; r)
= S(p1; 0; p2; 0;    ; pn 1; 0; q; r)
= S(p1;    ; pn) +
n 1X
k=1
pkS(1; 0) + pnS(q=pn; r=pn)
= S(p1;    ; pn) + pnS(q=pn; r=pn):
???? [F] =) [S]: [F2,3] ??, ??? p; q  0; r > 0; p+ q + r = 1 ????
S(p; q; r)
= S(p; q + r) + (q + r)S(q=(q + r); r=(q + r))
= S(q; p+ r) + (p+ r)S(p=(p+ r); r=(p+ r)):
??? f(p) = S(p; 1  p) ????, q+ r = 1  p ??? p+ r = 1  q ???
f(p) + (1  p)f(q=(1  p)) = f(q) + (1  q)f(p=(1  q)): (4)
???????? p; q 2 [0; 1) ???????????, ?? p = 0; q > 0 ?
???
f(0) + f(q) = f(q) + (1  q)f(0);
??,
f(0) = S(0; 1) = S(1; 0) = 0
???. ??? (4) ???? 0 ?? 1  p(0  p  1) ?? q ???????
??










???. [F1] ???? f(p) ???? [0; 1] ????????? (5) ????
???????? 0 < p < 1 ?????. ????? f(p) ????????
?. (5) ???? p ?????:
(1  p)f 0(p)  f(p)  2(1  p)
Z 1
0






??? f(p) = f(1  p) ??????????



















f(t)dt (0 < p < 1)
?????????????. ??????????, ?? f(p) = f(1  
p); f(0) = 0 ??? f(1=2) = S(1=2; 1=2) = 1 ??????????????
??
f(p) =  p log p  (1  p) log(1  p)
? 0  p  1 ????????????? (log = log2 ???). ?????
(p1; p2) 2 2 ????
S(p1; p2) =  (p1 log p1 + p2 log p2)
????, ??? (p1;    ; pn) 2 n (n = 2; 3;   ) ?????????




? [F3] ?????????????????. 2
4 ???
4.1 ??????????????
















pk(log pk   log qk) (7)
??????. ??? q ???? p ????????????. ????????
??????????????, ???????.
?? 2 ??? p; q 2 n(pkqk 6= 0; k = 1; 2;    ; n) ???, ???
S(pjq)  0
????, ?? () p = q.
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??. ???
log t  1  1
t













) = 0 (9)








  1 + qk
pk
) = 0
() pk = qk(8k)() p = q:
2
????????????????. ??????????, ??????, ??
????????????, ???????? q ?????, S(pjq) ??? p ? q
??????????????????. pk ? qk ??????????????
????????????????.
?????????????
X = (x1; x2;    ; xm); Y = (y1; y2;    ; yn)
??????? m  n ????????????. ??????????????
???????, ???????????????, ??????????.
X  Y = ((x1; y1); (x1; y2);    ; (x1; yn);
(x2; y1); (x2; y2);    ; (x2; yn);
(x3; y1); (x3; y2);    ; (x3; yn);
  
(xm; y1); (xm; y2);    ; (xm; yn))
= ((x1; y1); (x1; y2);    ; (xi; yj);    ; (xm; yn))
= ((xi; yj); 1  i  m; 1  j  n):
??????????, ????? X;Y ??????????????. ????
?, X;Y ??????????, ?????, X;Y ??????????????
???????????????????, ????"??" ????????. ?
???????????????? X;Y ?????XY ??????????.
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?????????, ????????, ??? (xi; yj) ?????????, ??









p(xi; yj) = 1;







(x1; y1)    (xi; yj)    (xm; yn)




??? S(X;Y ) ???. ??
S(X;Y ) =  
X
i;j
p(xi; yj) log p(xi; yj):
???????? X;Y ????????????.









p(xi; yj) (1  j  n):
???????









x1    xm
p(x1)    p(xm)
!
=










y1    yn
p(y1)    p(yn)
!
=





?????????, y 2 Y ????? (??? p(y) > 0) ???????? x 2 X
????????
p(xjy) = p(x; y)
p(y)












p(xjy) log p(xjy) ( 0)
????. ??? S(Xjy) ? (Y; pY ) ???????????




???. ??? S(Xjy) ? y(2 Y ) ???? X ??????????, ??S(XjY )
? Y ???? X ?????????????. ????????????:







p(x; y) log p(xjy);
??? X;Y ????????????????? P ? x 2 X; y 2 Y ?????
????. ????????? Px;y ??????????? P ???. ????
?????????????, Y ??????????? X ??????????
???????, ?????? y 2 Y ????????????, X ??????
?? S(Xjy) ???????, ??? Y ??? pY ?????????????.
Y ??????????????? X ?????
I(X;Y ) = S(X)  S(XjY )
?????, ??? X ? Y ????????????????????.





???? p(xjy) = p(x) ??? x ? y ????
?????, x ? y ???. ????,
x ? y () p(x; y) = p(x)p(y):
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p(x) = 0 ??? p(y) = 0 ??? x ? y ???. ???? x 2 X ????? y 2 Y
??????, X ? Y ????????????, X ? Y ????????. ??
?????
x ? y (8x 2 X) =) S(Xjy) = S(X);








(1) S(XjY ) = S(X) + S(Y jX) = S(Y ) + S(XjY ),
(2) maxfS(X); S(Y )g  S(X;Y )  S(X) + S(Y ),
(3) S(XjY )  S(X); S(Y jX)  S(Y ),
(4) I(X;Y )  0,
(5) ??? (2), (3), (4) ????? ((2) ??????????) ????????
() ???????? () X ? Y .
??? (1) ????.











p(x; y) log p(x; y) +
X
x;y
p(x; y) log p(x)
= S(X;Y )  S(X):
???, S(XjY ) = S(X;Y )  S(Y ). ?? (1) ???.
(2) ???? (1) ????. ???, ?? 2 ????
S(X;Y ) =  
X
x;y
p(x; y) log p(x; y)   
X
xy








= S(X) + S(Y ): (10)
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(3) ? (1) ? (2) ????.
(4) ????.
I(X;Y ) =  
X
x
p(x) log p(x) +
X
x;y




p(x) log p(x) +
X
x;y
p(x; y) log p(x; y) 
X
x;y




p(x; y)flog p(x)p(y)  log p(x; y)g
 0: (11)
(5) ???.
S(X;Y )  S(X) + S(Y )() ??? (10) ??? () p(x; y) = p(x)p(y).
(3) ??????????, ??????. (4) ? I(X;Y ) = 0 ???? (11) ???
2 ??????????????. 2
?? 3 ? (3) ?????, X ?????????? Y ????????, ???
??????????????????????.
4.2 ??
????????? X ?????????? Y , ??? x 2 X ???????
? y 2 Y ????????????????????? p(yjx) ????????
??????????????? (channel) ?????. ????????????
???????????, ?????????????????????????
?????? (memoryless) ???. X ? Y ????????? I(X;Y ) ? X ?






(1) Cinf  0,
(2) Cinf  log jXj, ??? jXj ????????????? X ???,
(3) Cinf  log jY j, ??? jY j ????????????? Y ???,
(4) I(X;Y ) ? pX(x) ????????.
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(5) I(X;Y ) ? pX(x) ???????.
???????????????????.
??????????????????,???????????????. f1; 2;    ;Mg
? index ?????. ????? W ? index ????????????????
?, ?????????? f ?????? n ????? f(W ) ?????. ???
????????????????????, ????? Y n ??????. ???
??????????? g ???????? W^ = g(Y n) ???. ???? W^ ?
W ???????????????????. ????????????????
???? (discrete memoryless channel ???DMC) ?????????.
?? (M;n) ??????????????????.
(1) index ?? f1; 2;    ;Mg,
(2) ????? f : f1; 2;    ;Mg ! Xn, ??? f(1); f(2);    ; f(M) ????
(code words) ?????. ???????????? codebook ???.
(3) ????? g : Y n ! f1; 2;    ;Mg.
???????????.












??????. ??? R????? (achievable rate)????? (n) ! 0 (n!1)
??????? f([2nR]; n))g ??????????. ?????????????
????????, Ccode ????????. ???? Shannon ?????????
??????????????????.
?? 4 ??????.
(1) R < Cinf ??? R ????????,
(2) R ???????? R  Cinf ???.
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????????????????, ????????. ????? (1) ??
Cinf  Ccode ???????????, ?? (2) ?? Ccode  Cinf ???????
??????????? Cinf = Ccode ???. ????????????????
????????????????????. ????? Cinf ?Ccode ?????
??? C ???, ???????????????. ?????????????
Ccode ?????????????, ?????????????????????
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